Abstract The magnetic moments, transition magnetic moments and the radiative decay widths of singly charmed baryons are calculated with
Introduction
The ground state masses of singly charmed baryons are well established and many of their radially and orbitally excited states masses are well-known experimentally [1] as well as theoretically in our previous work [2] . In order to understand the structural properties of the singly charmed baryons, it is necessary to analyze the decay modes from theoretical study. An experimental observations for the radiative decay of singly charmed baryons are rare; whereas their strong decay rates, widths and lifetimes are measured by various experimental groups [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] till the date. The various properties of heavy baryons are nicely presented in these review articles [13, 14, 15, 16] .
In order to improve the structural understanding of baryons (made of both light and heavy quarks) the magnetic moment is an important tool. There are many theoretical approaches which study the individual contribution of quarks in the magnetic moments of baryons; such as, heavy chiral perturbation theory [17, 18] , effective quark mass scheme [19] , bag model [20] , QCD sum rule model [21] , lattice QCD [22, 23, 24] , relativistic quark model [25, 26] , non-relativistic quark model [27, 28] , chiral constitute quark model [29] etc. For the radiative decay, there is no phase space and isospin conservation constraint for the transitions of mass-less photon among the charmed baryons. There are many phenomenological approaches; relativistic quark model [30] , bag model [20] , QCD sum rule model [31, 32] , non-relativistic constitute quark model [33, 34, 35] , heavy hadron chiral perturbation theory [36, 37, 38, 39] etc. have calculated the contribution of radiative interaction in the decay of singly charmed baryons. The future experiments at J-PARC,P AN DA [40, 41, 42, 43, 44] and LHCb are expected to give further information on charmed baryons.
The fundamental theory of the strong interactions, Quantum Chromodynamics (QCD), simplifies enormously in the presence of a system containing one heavy quark (c or b) and two light quarks (u, d or s). It will provide the understanding of the SU(4) spin-flavor symmetry of heavy quark and the SU(3) symmetry of light quarks. Such a heavy quark symmetry arises when the mass of the heavy quark is much larger than the QCD limit Λ QCD ≃ 0.2 GeV [45] . In this heavy quark limit the dynamics of heavy and light quarks are decouple and providing a number of model independent relations between various decay mode of the heavy baryons. The chiral Lagrangian corresponding to the heavy baryon coupling to the pseudoscalar mesons were first introduced in Ref. [46] in 1992. Theoretically, the relativistic constitute quark model [30] , the non-relativistic quark model with various QCD inspired potentials [47, 48, 13] , light-front quark model [49] , Heavy Hadron Chiral Perturbation Theory (HHCPT) [39, 46, 50] , and the QCD sum rules on the light cone [51] etc. are used for studying the strong decays of singly charmed baryons by an exchange of a single pion. This paper is organized as follows: The basic methodology adopted for generating the mass spectra of singly charmed baryons is described in section II. The magnetic moments and the electromagnetic radiative decays from their transition magnetic moments of ground state with J P = 1 2 + and J P = 3 2 + are presented in section III. The details of hadronic strong decays of singly charmed baryon are presented in section IV. In the last section, we draw our discussion and conclusion.
Methodology
The mass spectra of singly charmed baryons [2, 52, 53, 54 ] are generated by the Hamiltonian in the hypercentral Constitute Quark Model (hCQM). Here, m = mρm λ mρ+m λ is the reduced mass and x is the six dimensional radial hypercentral coordinate of the three body system. In this case, we consider the hypercentral potential V (x) as the color Coulomb plus power potential with first-order correction as
where V SD (x) represents the spin dependent potential, V 0 (x) is the sum of hyper Coulumb (hC) interaction and a confinement term
and the first order correction is employed by Koma et al [55] ; We have used this correction not only for baryons but mesons as well [56] . Here, the hyper-Coulumb strength τ = − 2 3 α s ; where 2 3 is the baryon color factor and α s represents the strong running coupling constant and is ≈ 0.6 considered in the present study. β is the string tension of the confinement; and C F and C A are the Casimir charges of the fundamental and adjoint representation. The details of all the constants can be found from Ref. [2] .
For the quarks u, d, s and c; we set the constituent quark masses m u = 338MeV, m d = 350MeV, m s = 500MeV and m c = 1275MeV. The 1S and 1P state masses of singly charmed baryons are tabulated in Table 1 with PDG masses [1] . M A and M B are the masses of without and with first order relativistic correction to the potential energy term, respectively. We will use these masses in the calculation of magnetic moments, the radiative decays and the strong decays in next sections.
Magnetic Moments and Radiative Decays
The magnetic moments and the radiative decays are computed using spinflavour wave functions of the participating baryons. The magnetic moments are obtained in terms of spin, charge and effective mass of the bound quarks of baryons. In radiative decay, there is an exchange of massless photon among the singly charmed baryons. Such a decay does not contained phase space restriction. Therefore, some of the radiative decay mode of heavy baryons are contributed significantly to the total decay rate.
The Magnetic Moments
The magnetic moment is the fundamental property of baryon in both light and heavy quark sector and is purely depends upon the masses and spin of their internal constitutions. The magnetic moment of the baryon (µ B ) is given by the expectation value [28, 33] as where, Φ sf represents the spin-flavour wave function of a participating baryon and µ q is the magnetic moment of the individual quark given by
with e q is the charge and σ q is the spin of the constitute quark of the particular baryonic state, and the effective mass of each constituting quark (m ef f q ) can be defined in terms of the constituting quark mass (m q ) as
where, the Hamiltonian is given in the form of measured or predicted baryon mass (M ) as,
represents the mass of the bound quark inside the baryons by taking into account its binding interactions with other two quarks described in Eqn. (1) in the case of hCQM.
Using these equations and taking the constituent quark mass of [2] , we determine the ground state magnetic moment of the singly charmed baryons with
+ by considering without and with first order relativistic correction as a set A and set B respectively. We present our results in Table  2 -3 in the unit of nuclear magnetons µ N = eh 2mp .
The Radiative Decays
The electromagnetic radiative decay width is mainly the function of radiative transition magnetic moment µ B ′ C →Bc (in µ N ) and photon energy (k) [33, 34, 59] as
where m p is the mass of proton, J is the total angular momentum of the initial baryon (B c ). Such a transition magnetic moments (µ Bc→B ′ c ) are determine in the same manner by sandwiching Eqn. (7) between the appropriate 
To determine the radiative decay of the channel Σ * + c → Λ + c γ, first to need to calculate the transition magnetic moment given as, 
Following the orthogonality condition of quark flavour and the spin states, for example u ↑ d ↑ c ↓ |u ↑ d ↓ c ↑ = 0; we will get the expression of transition magnetic moment as
The transition magnetic moments are given in Table 4 . Using the masses and transition magnetic moment of the participating baryons, we compute its radiative decay width. The obtained results are listed in Table 5 for both set A and set B with other theoretical predictions.
The Strong Decays
The effective coupling constant of the heavy baryons are small which leads their strong interactions perturbatively and easier to understand the systems containing only light quarks. Such a theory describe the strong interactions in the low energy regime by an exchange of light Goldstone boson is developed well by the co-ordination of chiral perturbation theory and heavy quark effective theory called Heavy Hadron Chiral Perturbation Theory (HHCPT). This hybrid effective theory has been applied to study the strong and the electromagnetic decays of ground and excited states in the both charm and bottom sector [62, 46, 63] . By using the Langrangian of Ref. [50] , we calculated a strong P − wave couplings among the s−wave baryons, S−wave couplings between the s−wave and p−wave baryons, and the strong couplings of D−wave from p−wave to s−wave baryons in this section. Such a chiral Lagrangian gives the expressions of typical decay rate of single pion transitions between singly charmed baryons mentiond in Eqns. (15-20) [13] . The pion momentum for the two body decay x → y + π is
-P−wave transitions
The decay rates corresponding to the P−wave transitions from the isospin partners of Σ c (1
) by an exchange of single pion are
where p 3 π represents momentum corresponding to the P −wave transition. The pion decay constant f π = 132 MeV [46] and the strong coupling constant a 1 = 0.612 as in Ref. [50] obtained from quark model calculations. ) by an exchange of single pion are
where p π represent the S−wave transitions and when single pion is at rest E π ≈ m π . The coupling constant b 1 = 0.572 and b 2 = √ 3 · b 1 are taken from Ref. [50] . The decay rates for the decay of isospin triplets Σ c (1
-D−wave transitions
The decay of Λ c (1
) into the isospin partners of Σ c (1
) are consider as a D−wave transitions. For that the decay rates are 
here, the coupling constant b 4 = 0.4 × 10 −3 MeV −1 Ref. [50] . According to the quark model relation,
Using this, we obtained the decay rates for the decay of Σ
)π + and
)π 0 are determine as
Summing up the decay rates of these three decay mode of Σ
), it will be 2.97 MeV and 5.27 MeV for the set A and for set B, respectively; and the value of set A is nearer to ≃ 3.16 MeV of Ref. [50] . An obtained results for these three; S, P and D−wave transitions are listed in Table 6 .
Discussion and Conclusion
The electromagnetic radiative decays of singly charmed baryons by an exchange of massless photon are determined by using the parameters obtaining in the framework of hypercentral Constitute Quark Model (hCQM).
There are no experimental information available about the magnetic moments of singly charmed baryons. Our predictions of ground state magnetic moment of singly charmed baryons with J P = 1 2 + and J P = 3 2 + see Table   2 and Table 3 respectively; for the set A and set B are comparable to the results obtained from; bag model [20] , effective quark mass scheme [19] , nonrelativistic quark model [59] , chiral constitute quark model [29] and relativistic quark model [25] . For J P = 3 2 + , our results are smaller than the results based on QCD sum rule model [21] . The recent paper of G. J. Wang et al. [18] based on heavy chiral perturbation theory and K. U. Can et al. [22] , H. Bahtiyar et al. [23, 24] based on lattice QCD, their calculated magnetic moments for
+ are lesser than our predictions.
The expression of electromagnetic radiative decay rate containing a term transition magnetic moment (µ B ′ c →Bc ) of the participating singly charmed baryons by which the decay is taking place. Our calculated transition magnetic moments and radiative decay rates smaller than other theoretical predictions. and Σ * 0 c ; are smaller but reasonable close to other theoretical predictions see Table 4 and Table 5 ; respectively.
The strong P -wave transitions of isospin partners Σ c (1
) and Σ * c (1 4 S 3 2 ) are calculated, and are found to be in accordance with other model predictions and the experimental measurements. In our case, the ratio of
is 7.62 for the set A and 9.12 for the set B, and from the PDG [1] it is 7.82 consistent with set A. For the strong decay channel Σ * c (1
)π, the mass difference ∆M (mΣ * c − mΣ c ), is smaller than the mass of single pion. Therefore, there is no sufficient phase space for this respective decay. Such decay is kinematically forbidden.
For the S-wave transitions of Λ ) are kinematically barely allowed having an extremely small width and this study will be useful for the experimental determination of their decay widths < 0.97 [1] .
From these calculations we noted that the decay of Σ
) are common into both strong and radiative decay. So we are interested to calculate their total decay width and the branching fractions.
The total decay rate is simply the sum of the decay rates of all individual decay. The branching fraction for particular decay mode is the ratio of the decay rate of particular decay rate to the relatively total decay rate. For example, the total decay width of Σ 
are ∼ 3.50 % and ∼ 2.50 % for the set A and set B respectively.
In the same manner we determine the total decay rate of Σ * + c (1
), and they are ∼ 14.42 MeV and ∼ 12.96 MeV for the set A and set B respectively. For their strong decay, the branching fractions are ∼ 99.00 % and ∼ 98.96 % for the det A and set B respectively; and for the radiative decay they are ∼ 1.00 % and ∼ 1.04 % for the set A and set B respectively.
So we conclude that such a singly charmed baryons, Σ ) are purely decay through strong interaction and is consistent with a PDG [1] value, ∼ 100 %. We see the contribution of radiative decay is small to their total decay. Therefore, our results are accordance with present theoretical and the experimental status of singly charmed baryons; a the strong decays are dominant over the electromagnetic radiative decays. We hope that the future experiment likeP AN DA will be an unique position for providing the contribution of radiative decay for charm sector.
For the success of a particular model, it is required not only to produced the mass spectra but also decay property of these baryons. The masses obtained from hypercentral Constitute Quark Model (hCQM) are used to calculate the radiative and the strong decay widths. Such a calculated widths are reasonably close to the other model predictions and experimental observations (where available). This model has been successful in determining these properties, thus, we would like to use this scheme to calculate the decay rates of singly bottom baryons.
